Abstract. In the kidney, human organic cation transporters (OCTs) and multidrug and toxin extrusion proteins (MATEs) are the major transporters for the secretion of cationic drugs into the urine. In the human kidney, OCT2 mediates the uptake of drugs from the blood at the basolateral membrane of tubular epithelial cells, and MATE1 and MATE2-K secrete drugs from cells into the lumen of proximal tubules. However, the expression of these transporters depends on the species of the animal. In the rodent kidney, OCT1 and OCT2 are expressed at the basolateral membrane, and MATE1 localizes at the brush-border membrane. Together, these transporters recognize various compounds and have overlapping, but somewhat different, substrate specificities. OCTs and MATEs can transport important drugs, such as metformin and cisplatin. Therefore, functional variation in OCTs and MATEs, including genetic polymorphisms or inter-individual variation, may seriously affect the pharmacokinetics and/or pharmacodynamics of cationic drugs. In this review, we summarize the recent findings and clinical importance of these transporters.
INTRODUCTION (ORGANIC CATION TRANSPORT IN THE KIDNEY)
The kidney is one of the main organs responsible for the excretion of drugs and xenobiotics. Renal excretion consists of three steps: glomerular filtration, tubular secretion, and reabsorption. Drugs are actively secreted through a two-step membrane transport process that includes distinct systems at the brush-border and basolateral membranes of epithelial cells. The characterization of the transport systems for organic cations was performed using isolated membrane vesicles (1) . The electrogenic basolateral transport of organic cations is driven by an internal negative membrane potential, while electroneutral brush-border transport is dominated by a H + /organic cation antiport process. Renal drug transporters have been identified and characterized at the molecular level (2, 3) . There are two SLC protein families involved in cationic drug secretion, including the SLC22 family of organic cation transporters (OCTs) at the basolateral membrane, and the SLC47 multidrug and toxin extrusion proteins (MATEs) at the brush-border membrane ( Fig. 1 ; Table I ). OCTs and MATEs can transport various, structurally unrelated organic cations.
ORGANIC CATION TRANSPORTERS (OCTS, SLC22A1-3) AND ORGANIC CATION AND CARNITINE TRANSPORTERS (OCTNS, SLC22A4-5) IN THE KIDNEY Identification of OCTs in the Kidney
In 1994, the first OCT isoform, OCT1, was found to be highly expressed in the rat kidney and play a role in cationic drug secretion (4) . Subsequently, mammalian orthologs of OCT1 were identified in humans, mice and rabbits. Using knockout mice (5) , it was demonstrated that OCT1 plays an important role in the rodent kidney. In humans, OCT1 is expressed at extremely low levels in the kidney and is mainly found in the liver (6) . These data suggest that there is a species difference for the role of OCT1 in renal drug secretion.
OCT2 was isolated from the rat kidney through homology cloning of the OCT1 sequence (7) . Subsequently, human orthologs of OCT2 were identified (8) . To investigate the pharmacological and physiological roles of OCT1 and OCT2, Jonker et al. (9) generated OCT1/2 single-knockout and OCT1/2 double-knockout mice. Accumulation of tetraethylammonium (TEA) in the liver was 4-to 6-fold lower in OCT1(−/−) mice, compared with their wild-type counterparts. In addition, excretion of TEA into the urine over 1 h was increased from 53% to 80% in the OCT1 knockout mouse. These data appear to be inconsistent with the purported role of OCT1 in the kidney. Jonker et al. (5) speculated that the decreased TEA uptake by the liver indirectly increased the urinary excretion of TEA. Absence of OCT2 alone had little effect on the pharmacokinetics of (TEA); however, the renal secretion of this compound was completely abolished in OCT1/2(−/−) mice. As a consequence, plasma concentrations of TEA were substantially increased in OCT1/2(−/−) mice. Sugawara-Yokoo et al. (10) reported that OCT1 is concentrated in the proximal tubules of the renal cortex, and OCT2 is abundant in the proximal tubules of the outer stripe of the outer medulla. Thus, OCT1 and OCT2 are differentially distributed along the proximal tubules. Both isoforms are considered essential for the renal secretion of organic cations; on the other hand, the expression of OCT2, but not OCT1, is much higher than levels of other renal drug transporters in the human kidney (6) . In the human kidney, the OCT2 protein is located at the basolateral membrane of whole segments of the proximal tubular epithelia. Based on the low expression of OCT1 in the human kidney, OCT2 is the dominant OCT at the basolateral membrane of proximal epithelial cells. OCTs are part of the transport systems that mediate electrogenic cation uniport in both directions across the plasma membrane in vitro. The substrate concentration and membrane potentials between −50 and −100 mV provide the driving force for cation translocation from the blood to epithelial cells.
The third member of the OCT family, OCT3/SLC22A3, was identified as an extraneuronal monoamine transporter. A study using OCT3 knock-out mice (11) indicated that OCT3 plays an important role in the heart rather than the kidney. Homozygous mutant mice were viable and fertile, with no obvious physiological defects. However, OCT3(−/−) mice showed impaired uptake activity into the heart as measured by the accumulation of intravenously administered tritiated 1-methyl-4-phenylpyridinium ([   3   H]MPP   +   ) . While a 72% reduction in MPP + levels was measured in hearts of OCT3(−/−) mice, no significant differences were found in any other organs or in plasma when comparing wild-type and mutant mice. The importance of OCT3 in the renal secretion of cationic drugs is unknown.
Organic cation and carnitine tranporters (OCTN1 and OCTN2) were identified as novel OCTs (SLC22A4 and SLC22A5) (12, 13) in 1997 and 1998. These transporters mediate the trafficking of L-carnitine, TEA, and acetyl-L-carnitine in a Na + -dependent manner. In addition, it was reported that ergothioneine is transported by OCTN1 (14) . Ergothioneine is associated with chronic inflammatory conditions, neurodegeneration, and cardiovascular diseases. However, the roles of OCTN1 in the kidney are not clear. Although OCTN2 is ubiquitously expressed, it is highly expressed specifically in the liver and kidney. The OCTN2 protein localizes at the brushborder membrane of cortical proximal tubular epithelia. It is possible that OCTN2 plays a role in organic cation transport at the apical membrane.
Urakami et al. (15) identified differences in the affinity of OCT1 and OCT2 for various substrates. The substrate specificity of these proteins was well summarized in a review by Fujita et al. in 2006 (16) . Urakami et al. (15) reported that the inhibitory patterns of n-tetraalkylammonium compounds were closely related with the length of their alkyl side chain. In general, an increase in the length of alkyl side chains is associated with an increase in hydrophobicity. Recently, substrate features were investigated by a quantitative structure-activity relationship (QSAR) analysis (17) . Computationally derived QSAR models established human OCT2 selectivity. A 2D-QSAR emphasized the importance of hydrophobicity, structural bulk, and molecular flexibility as important determinants in the binding of substrates to OCT2. A 3D-QSAR displayed better predictive power and served to emphasize the fact that molecular size and shape play a significant role in defining the interaction of substrates with OCT2. In contrast, hydrophobicity was not a major factor in determining the affinity of OCT for guanidine compounds (18 (21) summarized the substrate recognition and translocation by OCTs. A detailed characterization of OCT1 and OCT2, in combination with homology modeling based on lactose permease (LacY) structures and extensive mutagenesis, provided the basic understanding of how these transporters work; furthermore, it was determined that several amino acids are important for substrate recognition and translocation. During substrate translocation, OCT1 and OCT2 may perform a series of conformational changes involving an outward-facing conformation, an occluded state, and an inward-facing conformation. However, Koepsell states that detailed crystal structures in different conformations with bound ligands should be elucidated in future investigations. In addition, ligand binding and ligand-induced allosteric effects should be characterized by multiple experimental methods.
One important substrate of OCT2 is creatinine (22) . To estimate renal function, the glomerular filtration rate (GFR) is determined through the analysis of serum concentration of creatinine and creatine clearance. However, creatinine clearance usually exceeds the GFR because of the tubular secretion of creatinine. In addition, overestimates of the GFR based on creatinine clearance have been made in patients with renal diseases, especially those with glomerular disorders. Urakami et al. (22) found that only OCT2 mediated creatinine transport out of the several organic ion transporters assessed, such as OCT1, organic anion transporter (OAT)1, and OAT3. OCT2 regulates creatinine uptake at the basolateral membranes of renal proximal tubules. Indeed, the fluoroquinolone antibacterial agent DX-619 inhibits OCT2-mediated transport of creatinine (23) . Human studies with healthy volunteers also suggested that DX-619 increased the serum creatinine concentration by inhibiting excretory tubular transporters (24) . In addition, DX-619 was able to inhibit OCT2, MATE1, and MATE2-K at its therapeutic dose, leading to a significant inhibition of the tubular secretion of creatinine and an elevation of serum creatinine levels (25) .
It has been determined that OCTs are regulated by various factors in the kidney, such as PKA, the Ca2 + /calmodulin pathway and steroid hormones. This was well summarized in the review by Koepsell et al. (26) . In addition, the expression levels of OCTs are changed in multiple pathological conditions, including animal models of partial nephrectomy, streptozotocin-induced diabetes, and hyperuricemia.
MULTIDRUG AND TOXIN EXTRUSION (MATE AND SLC47) Identification of MATE Transporters
The transporter protein involved in the excretion step at tubular epithelia was identified as MATE1, a mammalian ortholog of the MATE family conferring multidrug resistance in bacteria (27) . The MATE transporters are primarily expressed in the kidney and liver, and they are localized at the apical membranes of the renal tubules and bile canaliculi. MATE1 mediates the H + -coupled electroneutral exchange of TEA and MPP, which are typical substrates for renal and hepatic H + / organic cation exchangers. Thus, MATE1 appears to be a polyspecific antiporter that directly transports organic cations into the urine and bile. Originally, human MATE2 was also identified as an ortholog of the MATE family, and the mRNA of MATE2 was detected predominantly in the kidney; however, the transport activity of MATE2 was not examined. Subsequent to the identification of MATE1 and MATE2, another H + /organic cation antiporter, human kidney-specific MATE 2 (MATE2-K), was isolated from the human kidney as an active splice variant of human MATE2 (28) . MATE2-K mRNA was found to be expressed predominantly in the kidney. In contrast, no signal for MATE2 mRNA was detected in the human kidney. MATE2-K plays a role in the H + gradient-dependent antiport of TEA, and it is the second member of the H + /organic cation antiporters responsible for the tubular secretion of cationic drugs across the brush-border membranes. The regulation of MATEs were summarized in the review of Yonezawa and Inui (29) . Sp1 and AP-1 may regulate the transcription of MATE1 mRNA by interacting with the promoter region of the MATE1 gene.
Mouse Mate2 was identified by Otsuka et al. (27) , and its deduced amino acid sequence was 38.1% identical to its human counterpart. In addition, the tissue distribution of MATE2 mRNAwas found to be significantly different between the human and the mouse. Hiasa et al. (30) reported that rodent MATE2 was a third member of the SLC47 family. Mouse MATE2 mRNAwas detected specifically in the testes. Therefore, the function of this MATE in the kidney has not been determined. In contrast to rodent MATE2, rabbit MATE2-K has a 74% sequence identity its human counterpart (31) . Thus, care is needed when discussing the nomenclature and classification of MATE2.
Substrate Specificity of MATE1 and MATE2-K Tanihara et al. (32) examined the substrate specificity of MATE1 and MATE2-K to find functional differences between these two transporters. Using a combined in vitro and computational approach, Astorga et al. (33) found that MATE1 and MATE2-K had markedly overlapping selectivity for a broad range of cationic compounds. They identified several physicochemical parameters that influence ligand-binding to MATE1, such as the presence and location of multiple hydrophobic moieties, hydrogen donors, and ionizable features.
Although MATE1 and MATE2-K have similar substrate specificities, the zwitterions cephalexin and cephradine were revealed to be specific substrates of MATE1, but not MATE2-K. In 1985, Inui et al. (34) indicated that cephalexin should share a common carrier transport system with organic cations in renal brush-border membranes through use of membrane vesicles.
Watanabe et al. (35) carried out experiments on the transport of cephalexin by MATE1 and pharmacokinetic analyses of cephalexin in MATE1(−/−) mice. Cephalexin was transported by human MATE1 with a bell-shaped pH profile. After intravenous administration of cephalexin, the urinary excretion of the compound was significantly reduced, and the renal concentration was markedly increased in MATE1(−/−) mice, compared with MATE1(+/+) mice. The renal clearance of cephalexin in MATE1(−/−) mice was approximately 60% of that in Mate1(+/+) mice and seemed to be similar to the clearance of creatinine. Overall, it was demonstrated that MATE1 is responsible for the renal tubular secretion of the zwitterionic substrate cephalexin in vivo. At the basolateral membrane, the OAT3 plays an important role in the metabolism of cephalosporin antibiotics (36) . For the renal secretion of some zwitterionic drugs, MATEs may cooperate with the basolateral OAT family.
THE CLINICAL IMPORTANCE OF OCT2, MATE1, AND MATE2-K IN THE KIDNEY Transcellular Transport of Cationic Drugs by OCTs and MATEs
The substrate specificity, membrane localization and driving forces suggest that OCT2 and MATE1 or MATE2-K mediate the tubular secretion of cationic drugs from the blood to urine. Sato et al. (37) established double-transfected Madin-Darby canine kidney cells as an in vitro model that mimics the vectorial transport of cationic drugs across human epithelial cells. Indeed, TEA was transported unidirectionally from the basolateral to apical side of the membrane in these double transfectants. An important observation by Sato et al. (37) was the clear directional transport of procainamide and quinidine in double transfectants. In humans, procainamide and quinidine are actively secreted via the renal tubules into the urine. However, it was difficult to detect the uptake of procainamide and quinidine by OCT-or MATE-expressing HEK293 cells because these compounds are lipophilic cations. The double-transfected MDCK-hOCT1/hMATE1 and MDCK-hOCT2/hMATE1 cells clearly solved the technical limitations of previous uptake experiments, and they would be useful in vitro tools to examine the renal tubular secretion of cationic drugs in humans.
OCTs and MATEs are the sites for drug-drug interactions between cationic drugs (Table II) (39) found that the renal clearance of metformin was significantly decreased by pyrimethamine at microdoses and therapeutic doses. They considered the drugdrug interaction to be attributable to the inhibition of MATE proteins by pyrimethamine. Recently, Ito et al. (40) concluded that competitive inhibition of OCT2 is unlikely to underlie the drug-drug interaction caused by cimetidine in the renal elimination of cationic drugs and that competitive inhibition of MATEs by cimetidine is likely to be important in vivo at clinical doses.
Pharmacokinetics and Pharmacodynamics of Metformin
Metformin is widely used in the treatment of type II diabetes mellitus. It is almost entirely excreted into the urine in an unmodified form. Lactic acidosis is a fatal adverse effect of metformin and can occur in patients without any risk factors. Metformin is a substrate for OCT2, MATE1, and MATE2-K (29,41). Choi et al. (42) characterized genetic variants of MATE2-K, determined their association with the response to metformin, and elucidated their impact. Four nonsynonymous variants and four variants in the MATE2-K basal promoter region were identified from ethnically diverse populations. Two nonsynonymous variants, including c.485C>T (Pro162Leu) and c.1177G>A (Gly393Arg), were shown to be associated with significantly lower metformin uptake and a reduction in protein levels when the variants were expressed in HEK293 cells. MATE2-K basal promoter haplotypes containing the most common variant, g.-130G>A (>26% allele frequency), were associated with a significant increase in promoter activity levels and reduced binding to the transcriptional repressor myeloid zinc finger 1. Patients with diabetes who were homozygous for g.-130A had a significantly poorer response to metformin treatment than carriers of the reference allele, g.-130G, when assessed for the relative change in glycated hemoglobin (HbA1c). Choi et al. (42) suggested that MATE2-K plays a role in the antidiabetic response to metformin and that the next challenge in pharmacogenomic research is to improve the outcome for patients through this pathway.
To clarify the pharmacokinetic role of MATE1 in vivo, Tsuda et al. (43) carried out the targeted disruption of the murine MATE1 gene. After a single intravenous administration of metformin, the area under the blood concentration-time curve of metformin in MATE1(−/−) mice showed a 2-fold increase. The urinary excretion of metformin after intravenous administration was significantly decreased in MATE1(−/−) mice, compared with MATE1(+/+) mice. The renal secretory clearance of metformin in MATE1(−/−) mice was approximately 14% of that in MATE1(+/+) mice. The report of Tsuda et al. (43) was the first to demonstrate an essential role for MATE1 in the systemic clearance of metformin. Recently, Toyama et al. (44) reported that significantly higher blood lactate levels and lower pH and HCO 3 − levels were observed in MATE1(−/−) mice 7 days after metformin administration in the drinking water. Using knockout mice, Toyama et al. (44, 45) also reported that dysfunctional MATE1 caused a remarkable elevation in the concentration of metformin in the liver and led to lactic acidosis, suggesting that homozygous MATE1 variants, but not heterozygous variants, are risk factors for metformin-induced lactic acidosis (Fig. 2) .
Tzvetkov et al. (46) examined the effects of genetic polymorphisms in OCT1, OCT2, OCT3, OCTN1, and MATE1 on the pharmacokinetics of metformin in healthy male Caucasians. Low-activity genotypes of OCT1 were related to an increase in the renal clearance of metformin. The result was similar to the aforementioned OCT(−/−) mice. It is possible that dysfunction of OCT1 indirectly affects the renal clearance of organic cations in humans.
Nephrotoxicity of Cisplatin
Members of the SLC22 organic ion transporter family mediate the renal excretion of both endogenous and exogenous substances. Thus, the functional and molecular variations of renal SLC22 transporters under acute kidney injury have an impact on the systemic clearance of substrate drugs and can result in altered pharmacokinetics or unexpected adverse events caused by the accumulation of drugs (47) . On the other hand, renal drug transporters are involved in drug-induced nephrotoxicity. In 2011, Yonezawa and Inui (48) summarized the roles of OCT and MATE in the nephrotoxicity caused by platinum agents. Briefly, it was reported that OCTs and MATEs play a role in the pharmacokinetics of platinum agents. Interestingly, only cisplatin induces nephrotoxicity, and the toxicity is kidney specific. Kidney-specific OCT2 mediates the transport of cisplatin and is the determinant for cisplatin-induced nephrotoxicity. In addition, cisplatin and oxaliplatin are substrates for these transporters, but carboplatin and nedaplatin are not. Substrate specificity could regulate the nephrotoxic features of platinum agents (Fig. 3) . Nakamura et al. (49) examined the role of MATE1 in the nephrotoxicity of cisplatin in vivo and in vitro. When cisplatin was administered intraperitoneally, the lifespan was significantly shorter in MATE1(−/−) mice than MATE1(+/+) mice. Three days after the administration of cisplatin, plasma creatinine, and blood urea nitrogen (BUN) levels were increased and creatinine clearance was decreased in both MATE1(+/+) and MATE1(−/−) mice, compared with vehicle-treated controls. Moreover, a significant rise in creatinine and BUN levels was observed in cisplatin-treated MATE1(−/−) mice, compared with MATE1(+/+) mice. A pharmacokinetic analysis revealed the plasma concentration and renal accumulation of cisplatin to be higher in MATE1(−/−) mice than MATE1(+/+) mice. Furthermore, the combination of a selective MATE inhibitor, pyrimethamine, with cisplatin also elevated creatinine and BUN levels, compared with cisplatin alone. In vitro, mouse MATE1 transported cisplatin as well as OCT1 and OCT2. In conclusion, MATE1 mediates the efflux of cisplatin and is involved in cisplatin-induced nephrotoxicity.
Susceptibility to cisplatin (CDDP) nephrotoxicity is known to vary between individuals, but the basis of this variation has not been fully elucidated. Recently, Iwata et al. (50) reported that the 808G>T SNP in OCT2 ameliorated CDDP-induced nephrotoxicity without altering the disposition of CDDP; whereas, the rs2289669 G>A SNP in MATE1 had no effect on CDDP toxicity. A total of 27% of patients with 808GG experienced over grade 2 Scr elevation, but patients with 808GT did not show any apparent nephrotoxicity. Song et al. (51) reported that the c.808G>T variant caused a significant decrease in transport activity without a change in protein expression. These results were consistent with the conclusions of Yonezawa et al. (48) . It is speculated that the inter-individual variation in cisplatin-induced kidney injury is affected by variations in OCT2 activity.
CONCLUSIONS AND PERSPECTIVES
The kidney plays an important role in drug excretion. Various transporters at the brush-border and basolateral membranes mediate vectorial transport into the urine. OCTs and MATEs are responsible for transporting cationic drugs at the basolateral membrane and brushborder membrane, respectively (Table II) . The variation in transporter functions may affect the pharmacokinetics and pharmacodynamics of cationic drugs, such as metformin and cisplatin. The serious adverse effects of metformin and cisplatin were partially but significantly affected by the transporter function.
As OCTs and MATEs are important sites for drug-drug interactions, strategic inhibition of these transporters could help to prevent the adverse effects of drugs. For example, Tanihara et al. (52) reported that the renal accumulation and subsequent nephrotoxicity of cisplatin were significantly decreased by the oral administration of imatinib. The concomitant administration of imatinib clearly protected against severe renal impairment induced by cisplatin as determined by histological examination. Therefore, the administration of imatinib with cisplatin prevents nephrotoxicity by inhibiting the OCT2-mediated renal accumulation of cisplatin in rats. Clinical application of this compound to block drug-drug interactions should improve the effectiveness and safety of cisplatin. In addition, inter-individual variation in the pharmacokinetics of cationic drugs may be caused by changes in transporter function. Using animal models and other experimental methods, changes in OCTs or MATEs are currently being investigated by several groups. In future studies, it is expected that renal drug excretion will be estimated based on transporter information. Fig. 2 . The influence of dysfunctional MATE1 on pharmacokinetics and toxicodynamics of metformin. Plasma concentrations of metformin are increased in Slc47a1 knockout mice, compared with their wild-type counterparts. This increased concentration is due to the loss of urinary and biliary efflux of metformin. Therefore, impaired functioning of MATEs synergistically increases metformin accumulation in the liver and blood lactate levels resulting in the development of lactic acidosis Fig. 3 . Renal handling of cisplatin, carboplatin, oxaliplatin, and nedaplatin by OCT2 and MATE. Cisplatin is transported by OCT2 and, to a much lesser extent, by MATE. Cisplatin accumulates at higher levels than other platinum agents in the kidney, which causes nephrotoxicity. Carboplatin and nedaplatin are not transported by OCT or MATE. Oxaliplatin is a substrate for OCT2 and MATE but does not induce nephrotoxicity
